Aedes aegypti bioacoustics flight tone indirect benefits mate choice During courtship males often communicate information about their fitness to females. The matching of harmonic components of flight tone in maleefemale pairs of flying mosquitoes, or harmonic convergence, was recently described. This behaviour occurs prior to mating and has been suggested to function in mate selection. We investigated the hypothesis that harmonic convergence is a component of mosquito courtship. A key prediction of this hypothesis is that harmonic convergence should provide information to potential mates about fitness benefits. We measured the effect of harmonic convergence behaviour on the direct and indirect benefits obtained by females. We found that the sons of pairs that converged at harmonic frequencies prior to mating had increased mating success and that these offspring were themselves more likely to converge prior to mating. These results suggest that males may be able to signal information about their genetic quality to females prior to mating and that this signal may be heritable. These findings are important for our understanding of mosquito behaviour and have applications in the control of mosquito-borne disease. This study also contributes to the study of malee female interactions and signal coevolution. Ó
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In many organisms, female mating preferences are thought to have evolved in response to variation in the material or genetic resources offered by males (Andersson 1994) . Males may offer females direct fitness benefits such as nutritional provisioning (Thornhill 1976; Gwynne 1984; Steele 1986; Markow 1988; Carlson 1989) or high-quality territory for nesting and foraging (Holm 1973; Campanella & Wolf 1974; Wells 1977; Jones 1981) . These benefits may increase fecundity (Simmons 1987; Moore 1994) and life span (Holm 1973; Thornhill 1983) to increase the female's overall reproductive rate. Female preference for males offering these benefits is maintained through natural selection (Neff & Pitcher 2005) .
In some cases, however, males do not offer females any material resources, such as food or territory, and yet, females still display preferences among males. In this case, some researchers have postulated that female preference traits are maintained via indirect selection (Andersson 1994; Kokko et al. 2003; Neff & Pitcher 2005) . Males offer females indirect or genetic benefits that increase the fitness of the female's offspring and, therefore, her own fitness indirectly. Offspring of females mating with preferred males may enjoy higher survival (Møller 1990; Petrie 1994; Hasselquist et al. 1996) and growth rate (Møller 1990; Reynolds & Gross 1992; Petrie 1994; Welch et al. 1998) . Females may also choose to mate with males that will increase offspring mating success (Welch et al. 1998) .
In many instances, male courtship signals contain information about genetic characteristics that fathers may pass on to offspring (Neff & Pitcher 2005) . Females that attend to signals and use them to distinguish between potential mates are able to achieve higher fitness by mating with males that offer the greatest indirect fitness benefit (Andersson 1994) . There is evidence from various insects, including the cricket, Gryllus bimaculatus (Wedell & Tregenza 1999) , and the sandfly, Lutzomyia longipalpis (Jones et al. 1998) , that males are able to confer indirect benefits to their offspring. Furthermore, in many of these insects, it has been determined that components of male signals are mechanisms by which females select males for these types of benefits. For example, Tregenza et al. (2006) found evidence that female field crickets, Teleogryllus oceanicus, are able to discriminate between males with higher innate immunity by their mating calls. Hoikkala et al. (1998) elegantly demonstrated that the frequency of male courtship song was correlated with offspring survival in Drosophila montana. Additionally, the authors found that females were able to differentiate between these males and that they preferred them as mates. In many organisms, where large males have higher mating success, body size is heritable and females prefer the courtship signals of large males (Simmons 1987; Reynolds & Gross 1992; Gilburn & Day 1994; Gray 1997; Shaw & Herlihy 2000) .
In the yellow fever mosquito, Aedes aegypti, mating occurs in aerial swarms, which form around the blood-meal host (Hartberg 1971) . Aedes aegypti preferentially feeds on human blood (Harrington et al. 2001) , and thus the host is typically a human. These aggregations are primarily composed of males, with females entering the swarm singly. Mating occurs in flight. Males and females meet, form a copula in mid-air, and mate in a matter of seconds (Hartberg 1971; Moore 1979) . Large male Ae. aegypti produce and transfer more sperm to females (Ponlawat & Harrington 2007 ), but there is no direct evidence from the field that these males achieve higher mating success. Until quite recently it was believed that there was no discernable courtship in swarming mosquito species (Yuval 2006) .
Mosquito flight tone is nonsinusoidal and therefore is composed of both fundamental and harmonic frequencies. Female Ae. aegypti produce significantly lower fundamental frequencies than males. Flight tone frequency varies with temperature (Belton 1986) , and fundamental frequencies of females range from 330 to 544 Hz and those of males range from 557 to 750 Hz (Clements 1999) . Roth (1948) demonstrated that male mosquitoes use the fundamental component of the flight tone signal of females to orient towards and locate females within a swarm. When males and females are within two to three body lengths of each other, they actively modulate their flight tone frequency to converge at harmonic frequencies (Cator et al. 2009 ). Harmonic convergence usually occurs between the female's third harmonic and the male's second harmonic (approximately 1200 Hz), or at the male's fundamental and female's second harmonic (approximately 800 Hz). Cator et al. (2009) suggested that convergence behaviour is related to mate selection. Harmonic convergence has now been described in several mosquito species, including the malaria vector, Anopheles gambiae (Cator et al. 2010; Pennetier et al. 2010 ) and the northern house mosquito, Culex pipiens (Warren et al. 2009 ).
Here, we tested the hypothesis that harmonic convergence behaviours are courtship signals that inform females about potential benefits offered by mates. We measured and compared direct and indirect benefits for females that converged or did not converge with males at harmonic frequencies. We predicted that females mating with males with which they converged prior to mating would have higher direct or indirect fitness.
METHODS

Rearing Procedures
Three different rearing regimes were used for experiments. Parental generations were reared under standard conditions (Cator et al. 2009 ). In the indirect benefits portion of the study it was our aim to measure the genetic benefits that males may have passed to their offspring. To observe genetic effects we reared larvae under moderate stress conditions (Cator 2011) . Body size has been observed to have a tight correlation with gamete number in mosquitoes (Okanda et al. 2002; Ponlawat & Harrington 2007 . We ensured that all of the individuals used in the parental generation and all sons tested in the mating competition and heritability studies were all of the same body size to eliminate this variable from our study. We reared females of two distinct body sizes for the mating competition experiment (Ponlawat & Harrington 2007 ). These females were unrelated to the test males (although they were from the same genetic strain). We did this to determine not only which males were most likely to form a successful copula, but also whether there was variation in the quality of the females with which these males were able to form copulas with (Fig. 1 Offspring of converging and nonconverging pairs pooled and reared Offspring from each pair reared separately* Figure 1 . Diagram of experiments conducted to test the hypothesis that harmonic convergence behaviours in yellow fever mosquitoes are courtship signals that inform females about potential benefits offered by mates. We measured and compared direct and indirect benefits for females that converged or did not converge with males at harmonic frequencies. *We recorded the acoustic interactions of a new set of copulating pairs to investigate the heritability of convergence behaviour.
Parental generation
We reared larvae (Ae. aegypti, Mexico Strain, Cornell University) as described in Cator et al. (2009) . Larvae pupated on days 7e8, and adults eclosed on days 9e11. Pupae were separated to eclose individually, and we transferred newly emerged adult males and females into separate 500 ml cartons. Adults were provided with a 20% sucrose solution ad libitum and maintained in an environmental chamber set at a temperature range of 24 AE 4 C, 80% relative humidity and a 14:10 h light:dark cycle, with a 2 h period of dusk/dawn conditions.
Rearing of sons for mating competition and heritability studies
The eggs laid by experimental females were allowed to embryonate under appropriate humidity conditions at 28 C for a minimum of 1 week. We pooled egg papers into two groups (Fig. 1) . One group contained offspring of parents that demonstrated harmonic convergence behaviours prior to mating, and the other group contained offspring from nonconverging parents. Pooled egg papers were hatched under a vacuum for 15 min. We provided newly hatched larvae with 0.3 mg of Aedes diet and held them at 28 C overnight.
We reared larvae under moderate stress conditions, which causes a 10% increase in larval mortality (Cator 2011) . Adult virgin males were placed into cartons and held as described previously.
Rearing of females for male mating competition experiment
One large cohort and one small cohort of female Ae. aegypti were reared synchronously with experimental males as described in Ponlawat & Harrington (2007) . This allowed us to test experimental males against females of the appropriate age. We collected virgin females daily and released them into a large bucket cage where they were held under standard conditions.
Rearing of females for heritability measurements
Females for heritability studies were reared under the conditions described for the parental generations and were unrelated to experimental males, but were taken from the same genetic background.
Experiments
Initial observations
We observed the behaviour of 56 opposite-sex pairs of virgin (3e5 days old) Ae. aegypti while simultaneously recording any acoustic interactions that occurred between them (Fig. 2) . After we anaesthetized females on wet ice for 5 min, we tethered females using Elmer's glue to a 1e2 cm strand of human hair that had an insect pin attached to the opposite end (the 'semi'-tether) as described in Cator et al. (2010) . One female per trial was positioned in the centre of a 12 Â 6 Â 8 cm mating arena and 4 cm above the sensitive face of a particle velocity microphone (NR-21358; Knowles, Itasca, IL, U.S.A.). Host stimuli were provided by the close proximity of the observer (outside of arena and less than 30 cm). We stimulated flight using tarsal inhibition and gentle puffs of air. We released males into the arena three at a time and allowed males to mate with the female. Five of the six arena faces were opaque, and the front face was clear plastic, which allowed us to observe mosquito interactions.
We recorded the behavioural outcome of each mating attempt. Instances of rejection were described as 'kicks' (female physically dislodges the male with her legs) or holds (female uses her legs to hold male away from her body or tilts her abdomen to prevent genital contact). Acceptances were recorded when males were able to position themselves successfully venter-to venter and clasp the genitalia of the female (Fig. 2a , Supplementary Material, Video S1). Trials in which males took longer than 5 min to initiate an interaction with the female were discarded. We discarded 5% of trials. We removed the right wings of males and females for wing length measurements. Wing length is the standard approach to estimate adult body size in mosquitoes (Nasci 1990) . Experiments were conducted between 0600 and 1800 hours. Acoustic recordings were taken from the time of male release to the termination of a successful copulation at the same time as behavioural observation. We analysed sound recordings of mosquito flight tone analysed using Raven 1.0 (Cornell Lab of Ornithology, Ithaca, NY, U.S.A.). The definition of convergence was a matching of male and female harmonic frequencies during encounter with a potential mate. Frequencies were considered to be matching if they were within less than 4.95 Hz and lasted a minimum of 1 s. If we detected convergence (Fig. 2b) , we then recorded the time (s) of convergence in relation to paired interaction, the movement of male and female fundamental frequencies leading to convergence (D Hz), the rate of convergence (D Hz/D s), and the duration of convergence (s). We recorded the initial flight tone of males and females from all copulas (Hz).
All statistical analyses for this part of the study and elsewhere were conducted using SPSS (Version 16, SPSS Inc., Chicago, IL, U.S.A.). A generalized linear model with a binary logistic distribution was used to test for the significance of male and female body size, initial flight tone, convergence and replicate effects in predicting the formation of a successful copula. When data were normally distributed, we tested for differences in wing length between converging and nonconverging individuals using a Student's t test. A ManneWhitney U test was applied to nonparametric data.
Measurement of female benefits: direct benefits
In the next experiment, we tethered females as described above and released a single male into the mating arena. We initiated recordings with the entry of males into the arena and terminated them when we removed mating pairs. Copulas were not interrupted and males were not removed until they had released the female genitalia with their claspers. We cut the hair strand as close as possible to the female's thorax using dissecting scissors to remove them from the tether. Females were transferred into a clean 500 ml carton to lay eggs.
Females were offered a blood meal (L.J.C., in accordance with Cornell University's Institutional Review Board approved protocol no. 0906000050) every 3e5 days over the course of their life span, 25.05 AE 0.17 days. We checked for eggs each day. If eggs were found, we counted them and provided fresh filter paper. After removal, we allowed egg papers to dry overnight and then placed eggs from each female into a separate labelled plastic bag (Fig. 1) . We documented female mortality each day until all females died.
The net reproductive rate (R 0 ) was compared for converging and nonconverging pairs using Cox regression (Cox 1972) . We used a general linear model (GLM) to determine the effects of female body size and convergence behaviour on the number of eggs each female laid. Female survival from individual data was compared using Cox regression (Cox & Oaks 1984) . We also used a GLM to determine the statistical difference between the longevity of females from the two groups (total number of days lived).
Measurement of female benefits: indirect benefits
We pooled together all eggs laid by converging and nonconverging females and reared them under the conditions described above for rearing of sons for the mating competition study (Fig. 1) . One-day-old males taken from each condition were marked with an identifying colour of fluorescent dust. On the following day, these males were used in experiments. Five sons of converging males and five sons of nonconverging males were aspirated into a cylindrical cage (22 Â 28 cm) for a total of 10 males in each mating trial. One large and one small female were aspirated into the cage (for a 1:5 ratio of males to females). Pairs engaged in copulation were collected and aspirated into individual tubes. Colour and parentage of the males found in copula were recorded. We replaced males and females removed in copulas with fresh males and females of the appropriate parentage and size. We wanted to ensure that newly released males did not have an advantage over males that had been in the cage previously. To minimize this effect, we replaced all individuals (male and female) every 15 min. At the conclusion of the experiment, we placed the mating cage into a 4 C freezer, collected unmated males and females and removed the right wing to be measured. This experiment was replicated three times. Male mating competition was compared using a GLM with a binary logistic regression distribution.
Male and female body size, dust colour, replicate and day effects were all tested for significance in predicting a successful mating. We removed predictor variables from the model when found not significant.
Heritability
To investigate the heritability of convergence behaviour, we recorded the acoustic interactions of a new set of copulating pairs (Fig. 1) . After copula formations, females were removed from semitethers as described in the direct benefits experiment and held in 500 ml cartons. Eggs were collected, labelled by adult pair ID, and held for maturation under the conditions previously described for a minimum of 1 week. The egg papers from each female were placed into a separate plastic dish (4.5 Â 4 cm) and flooded with water. Dishes were placed into larger plastic containers (22 Â 22 Â 8 cm) with sealed lids and vacuum hatched for 15 min. We staggered hatches of egg clutches in groups of nine clutches per day. We incorporated the day that we collected the data into analysis. Offspring from these recordings were reared under the same density, diet and temperature conditions as their parents. Emerged males were released into a large bucket cage and provided with a 20% sucrose solution.
A standard cohort of Ae. aegypti taken from the original colony were reared synchronously with the offspring from recorded pairs (Cator et al. 2009 ). These females were not siblings of the males taken from recorded pairs. Pupae from these trays were sorted into individual tubes to obtain virgin females. Females were held with a 20% sucrose solution.
When sons were 2e5 days old, we assayed the harmonic convergence behaviour of 10 randomly selected sons when presented with an unrelated female from the same genetic background. We tested for harmonic convergence using the identical experimental set-up as described above for their parents. After recording, the right wing of both males and females was removed and measured. This experiment was replicated three times.
A mixed model contains both fixed and random effects and is appropriate in situations where data are nested in groups (in this case days and replicates) (Fox 2002). We used a mixed model to determine the effect of parental convergence behaviour (fixed), replicate, day of recording (random effect), family identity (random effect), and both parental and son wing length (random effects). Factors found to have no significant main effect on offspring convergence behaviour were removed from the final model. Linear regression was used to determine the relationship between the rate of convergence (D Hz/D s) of fathers and sons.
RESULTS
Initial Observations
We recorded 250 free-flight interactions from 56 pairs, with 41 of these forming successful copulas. Male and female body size, initial flight tone and replicate effects were not significant in the model and were removed. The presence of harmonic convergence significantly predicted the formation of a successful copula (29 converging pairs of 41 successful copulas, binary logistic regression: W 1 ¼ 14.54, P < 0.001). Inversely, females from converging pairs were less likely to show rejection behaviour, with only eight of 37 converging pairs not mating. Convergence was observed between the male's first harmonic and female's second harmonic and between the male's second harmonic and female's third harmonic (Fig. 2b) .
Acoustic Recordings of Pairs Used to Measure Benefits
We recorded 141 pairs, with 77 not converging prior to mating (54.6%) and 64 converging pairs (45.4%). Mean AE SE male flight tone was 711.98 AE 13.82 Hz, and males responded to females at an average AE SE rate of 92.37 AE 14.99 Hz/s. Convergence lasted an average AE SE of 3.18 AE 0.05 s. There was no significant difference between the wing lengths of converging and nonconverging males and females (Student's t test: females: t 47 ¼ 0.98, P > 0.05; males: t 77 ¼ 0.06, P > 0.05).
Direct Benefits
We iteratively calculated age-specific R 0 , the ratio of individuals in a population at the end of a generation from the numbers present at the beginning of that generation (Begon et al. 1996) . This value is determined by the number of expected daughters and the survivorship of the females at each age in the population. We found no significant effect of convergence behaviour on R 0 over all days in each replicate (see Table 1 ). When we analysed all replicates together, there was no significant effect of converging on R 0 controlling for replicate (Cox regression: W 1 ¼ 0.08, P ¼ 0.77). There was no significant difference in survivorship of females from the two groups (Cox regression: c 2 1 ¼ 0:082, P ¼ 0.77). We also analysed our data at an individual level. Data for the total number of eggs laid by each female were square-root normalized. There was no significant effect of convergence behaviour on the total number of eggs laid by each female, controlling for wing length (GLM: F 1,104 ¼ 1.04, P ¼ 0.31). Controlling for female wing length, replicate, and male wing length there was no significant effect of convergence on female longevity (GLM: W 1 ¼ 0.94, P ¼ 0.33).
Indirect Benefits
We observed 106 successful copulas, with 71 of these involving the son of a converging pair. The successful convergence of parents significantly affected whether male offspring obtained matings (binary logistic regression: W 1 ¼ 21.37 P ¼ 0.003). Male offspring of converging pairs were more likely to achieve matings (Table 2) . Controlling for wing length, there was no significant interaction between the colour males were dusted and parental convergence behaviour (binary logistic regression: W 3 ¼ 2.41, P ¼ 0.49). The mean wing length of the females mated by converging and nonconverging males also did not differ (ManneWhitney U test:
Heritability of Harmonic Convergence
The harmonic convergence behaviour of parents significantly predicted the harmonic convergence behaviour of their male offspring (chi-square test: c 2 2 ¼ 8:20, P ¼ 0.004). A greater percentage of the offspring of nonconverging pairs did not converge with a potential mate (59%, N ¼ 274), and a greater percentage of converging pairs converged with a potential mate (52%, N ¼ 263). There was no significant effect of day, replicate, parent body sizes, or son body size. The rate of convergence (D frequency, Hz/s) for both fathers and offspring was square-root transformed to achieve normality. The rate of fathers did not predict the rate of offspring (GLM: F 24,629 ¼ 0.60, P ¼ 0.88).
DISCUSSION
Our results show that harmonic convergence is likely to be involved in mosquito courtship and is correlated with mating success. Pairs that successfully converged prior to a mating attempt were more likely to form a successful copula. We observed female rejection behaviours less frequently when convergence preceded a mating attempt. Furthermore, our findings indicate that females may derive an indirect benefit from preferentially mating with males with which they converge. The fitness of females from converging pairs was indirectly increased via increased mating success of sons. The sons of converging pairs were more successful in competition with the sons of nonconverging pairs and more likely to converge with females prior to mating. Overall, these results suggest that there is a genetic component to male mating success in Ae. aegypti that is associated with harmonic convergence.
The evolution of indirect selection is probably widespread as there is evidence for positive correlation between preference and display traits in animals (Kokko et al. 2003) . In some instances indirect benefits are facilitated by male parental care or provisioning, but in non-resource-based systems lacking male parental care, males only pass genetic benefits to offspring. Sexual selection for indirect benefits is hallmarked by female preference for variable signal characteristics that are linked with an indirect fitness benefit. Furthermore, signal traits must be inherited by the offspring (Kokko et al. 2003) . Columns give the number of males from each group that were captured just after a successful copula with an unrelated female.
There are other examples of these types of signalling systems. In birds, plumage characteristics may correlate with male viability (Norris 1993) and parasite resistance (Møller 1990 ) and be heritable. Hasselquist et al. (1996) used cross-fostering experiments to determine that male great reed warblers, Acrocephalus arundinaceus, inherit song repertoires from their fathers, which has been linked to male mating success.
Evidence for signalling of indirect benefits has been reported in other insect species. Boake (1985) used genetic techniques to measure the heritability of male mating success and male pheromone traits in red flour beetles, Tribolium castaneum. Males inherited pheromone characteristics, and males with preferred pheromone traits not only produced more grandchildren, but also passed on genes related to pheromone characteristics. In an elegant experiment, Moore (1994) presented evidence that genes associated with decreased development time for immature offspring were positively correlated with genes associated with increased male attractiveness in the cockroach Nauphoeta cinerea. Multiple studies have demonstrated female preference for signal characteristics (Gwynne 1982; Tuckerman et al. 1993; Gray 1997 ) that are associated with indirect benefits (Zuk & Simmons 1997 ) and for which both the signal and benefit traits are inherited (Simmons 1987; Hedrick 1988; Gray 1997; Shaw & Herlihy 2000) .
We measured convergence as a property of a pair. Because convergence involves the modulation of both male and female flight tone and because these modulations occur synchronously, we were unable to determine which sex was driving convergence. It seems most likely, given what is known about the ecology of mosquitoes, that males are converging with females. This is supported by our finding that females were more likely to reject males when convergence did not occur. Alternatively, females may converge with males as part of accepting them as a mate. Either interpretation suggests that females somehow distinguish between males and that convergence is an indicator of this process.
We detected no difference in the direct benefits associated with harmonic convergence. There are two explanations for this finding. First, it may be that there are no direct costs or benefits associated with harmonic convergence. This does not mean that direct selection is not involved in the mating system of Ae. aegypti. It simply means that males and females do not communicate about these types of costs and benefits using harmonic convergence. Mate choice in mosquitoes is probably informed by multiple inputs from multiple modalities and may include visual or chemical cues (Nijhout & Craig 1971; Polerstock et al. 2002; Zsemlye et al. 2005) . Our conclusions are related only to information contained in acoustic signals.
A second explanation for our results is that there are differences in the direct benefits associated with harmonic convergence and we were simply unable to measure them using our techniques. Females were kept under ideal humidity and temperature conditions. Sugar was available to the mosquitoes for much of their life span, and they did not experience many of the metabolic and ecological stressors that they would under natural conditions. It may be that under more natural conditions than those used in our experiment, differences in fecundity and longevity would become apparent.
Body size is positively correlated with female fecundity in Ae. aegypti (Briegel 1990 ). Converging and nonconverging sons mated with females of the same average body size. Therefore, the fitness advantage of the sons of converging pairs is based on their likelihood to mate and not on the quality of that mate. If they achieved a successful copula, the sons of nonconverging pairs were as likely to mate with large females as were the sons of converging pairs. However, these males were less likely to form a copula overall. A previous study with the malaria vector, An. gambiae, demonstrated that males and females respond to playbacks mimicking the flight tone of large potential mates with earlier and faster harmonic convergence behaviours (Cator et al. 2010) . Future studies should be conducted to understand the relative roles of body size, which is largely determined by larval habitat, and convergence behaviour, which our results have shown to have a heritable component, in determining mating success.
Note that females in these experiments were tethered to a human hair and were thus unable to exercise a complete range of behavioural responses to males. Females were unable to avoid flight and had limited ability to outmanoeuvre males, behaviours that have been described in previous experiments as allowing females to avoid mating (Jones & Pilitt 1973) . If females were unable to exercise the full range of their rejection behaviours and if convergence is preferred by females, then there may have been some instances in which females mated with males with which they would not have otherwise. If anything, tethering may have dampened our ability to measure differences and, thus, we do not think that female tethering altered the conclusions of these specific experiments.
Future studies are necessary to clarify the association between harmonic convergence and the fitness of Ae. aegypti. Brooks & Endler (2001) found a trade-off between male sexual attractiveness and survival in a study performed in guppies (Poecilia reticulata). There may be a trade-off between harmonic convergence traits and other traits such as offspring survival. A costebenefit analysis must be conducted to understand fully the importance of harmonic convergence signalling in male fitness. Such an assessment would ideally be conducted in the field, where these animals experience a full range of environmental stressors.
Harmonic convergence traits may be completely unlinked with another trait such as increased flight vigour or sensory sensitivity in offspring that facilitate their ability to converge. The function of this behaviour may be only to communicate to females that males carry a gene that will lead to 'sexier' sons. Alternatively, it may be that these offspring inherit a sensory, metabolic, or physiological trait that makes them more likely to converge and that this trait is also associated with increased mating success. The subtle difference between these two scenarios is more important from a theoretical standpoint than from a practical standpoint, but determining the exact physiological mechanisms that dictate convergence behaviour would nevertheless greatly improve our understanding of how it is inherited and how it relates to male mating success.
Furthermore, convergence of offspring in this experiment was related to the convergence of both parents and not necessarily to the convergence of their fathers. It would be interesting to conduct experiments to determine the relative importance of maternally and paternally inherited genes in determining convergence behaviour. Also, we measured convergence behaviour of sons but not that of daughters. Future experiments should be conducted to determine the costs and benefits to daughters of converging pairs.
In general, the mating behaviour of mosquitoes is severely understudied, and many assume that there is no courtship behaviour in these insects. Our findings highlight a new level of complexity in the mating system of Ae. aegypti and argue for studying mosquitoes in the context of sexual selection. Our findings also add to the body of evidence for indirect benefits and demonstrate that indirect selection of this type operates in systems lacking obvious and elaborate courtship.
Not only do these results add considerably to our knowledge of mosquito premating interactions, they have important applications to disease control efforts. Ae. aegypti is an important vector of several arboviruses including those that cause dengue and yellow fever. Our results indicate that mating success has a genetic component. This has important implications for transgenic control programmes, understanding gene flow and predicting the spread of insecticide resistance in wild populations. Continued study of mosquito mating interactions will improve current control strategies and will assist in the identification of new control targets.
